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find that the temperature and frequency dependencies of our complex Hall conductivity
data are in good agreement with our phenomenological model. In addition, when extended
to higher frequencies, the same model provides consistent description for the complex Hall
conductivity data at 100 - 800 GHz. Moreover, the magnetic field (B) dependence of the

complex Hall conductivity data reveals that both vortices (¢},) and quasiparticles (o,

v

contribute to the vortex state Hall conduction, where o3,

« B~! and ¢, « B, in agree-

ment with the model. The magnitude of the real part, oy, is also consistent with the

"

zy» 18 significantly larger

theoretical estimate, while the magnitude of the imaginary part, o
than the theoretical prediction. This discrepancy may be attributed to the unconventional
electronic structures in vortices of cuprate superconductors with d-wave or mixed pairing

symmetries.
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I. Introduction

The anomalous sign reversal in the vortex-state Hall conductivity (oy) of extreme
type-II superconductors is an outstanding issue that has attracted much attention [1-14].
Although quantitative description for the microscopics of the vortex-state Hall conduction
remains incomplete, several important facts have been established. First, the sign reversal
is associated with intrinsic physical properties of type-II superconductors (2,3,10-15], and
is independent of either random [4] or correlated disorder [8,12]. Second, the occurrence of
sign reversal in 0., has been attributed to the non-uniform spatial distribution of carriers
within and far outside the vortex core {10-12]. Third, the dc vortex-state Hall conductivity
of superconducting cuprates is found to be strongly dependent on the doping level, show-
ing anomalous sign reversal in the underdoped regime and no anomaly in the overdoped
regime [13]. This important experimental finding suggests the relevance of the electronic
structures within vortices:’t:o the Hall conductivity in the superconducting state, although
the dependence of the sigll of 0.y [13] is opposite to the prediction based on the s-wave
weak coupling theory [10,11,14,15]. Recent theoretical investigation of the electronic struc-
ture of vortices in high-temperature superconducting cuprates (HTSC) has revealed novel
properties associated with the d-wave pairing symmetry [16], which may lead to better
understanding of the doping-level dependence. Fourth, the characteristic time associated
with the vortex-state Hall conductivity of high-temperature superconductors has been esti-
mated from both dc [12] and microwave [17] measurements, and is found to be comparable

to the quasiparticle life time.

Despite increasing knowledge for the vortex-state Hall conductivity, most experimental
results and the corresponding theoretical interpretation have only focused on the dc Hall
effect, except the coherent time-domain spectroscopy measurements (7] of the complex Hall
conductivity on a YBasCu3zO7_s epitaxial film at 100 ~ 800 GHz. The frequency and
temperature dependence of the high-frequency Hall conductivity was analyzed in terms of
a simple two-fluid model, and the vortex-state Hall conductivity was entirely attributed to

the contribution of quasiparticles. The latter conclusion contradicts experimental results
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obtained in the dc limit, where the vortex-state Hall conductivity is known to consist of
contributions from both vortices and quasiparticles [2,5,9,12]. It is therefore important to
reconcile the difference between the high-frequency and dc measurements by investigating

the complex Hall conductivity at intermediate frequencies.

In this work, we report experimental studies of the complex vortex-state Hall conduc-
tivity of YBasCu3O7—; epitaxial thin films at frequencies from 102 to 107 Hz. Our exper-

—_ io.”

imental results indicate that in the anomalous sign-reversal regime of o.y(= o zy)s

=y
where o7, is the real part and o7, is the imaginary part, the frequency dependence of

"
Ty

!

the complex Hall conductivity follows Ory

~ constant, 07, & w, where w is the angular
frequency of the applied ac currents. The experimental results are analyzed in terms of
a model generalized from that [10] for the dc Hall conductivity. This generalized model
is based on the Drude é’pproximation (18] in the flux-flow limit, and it assumes that the
occurrence of sign reveréal in the dc vortex-state Hall conductivity is the result of different
carrier densities within and far away from the vortex core. We find that the temperature
and frequency dependencies of our data, as well as the data taken at much higher fre-
quencies (100 — 800 GHz), are in good agreement with this phenomenological model. In
addition, the magnetic field (B) dependence of the complex Hall conductivity data is con-

sistent with contributions from both the core states of vortices (o3,) and the quasiparticle

contribution (o4

4,), where o2, « B™! and ¢, « B. Furthermore, |07,| < |o},[, and the

magnitude of o7, is consistent with known physical parameters. On the other hand, we find
that the empirical |07, | is much larger than the theoretical prediction. Possible origins for
this discrepancy, including the unconventional electronic structures in vortices of cuprate

superconductors, are discussed.

This paper is structured as follows. In Section II we review the theoretical mode:
for the dc vortex-state Hall conductivity by Feigel’'man et al. [10}, and generalize the d
formalism to complex Hall conductivity under the Drude approximation. Section III
- a ciescription of the broad-band direct transport measurement techniques for the comple

Hall conductivity. In Section IV, the experimental results are presented and compared wit
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the predictions of our model. Section V consists of a discussion of the physical significance
of our data, and compares our results with related literature. Finally, a summary of the

key findings of this work is given in Section VL

II. Flux-Flow Vortex-State Hall Conductivity in the Drude Approximation

A. dc Hall conductivity

The starting point of our approach is a phenomenological description for the dc vortex-
state Hall conductivity by Feigel’man, Geshkenbein, Larkin and Vinokur (FGLV) (10]. The
FGLV model assumes two primary contributions to the vortex-state Hall conductivity. One
is the vortex Hall conductivity (o2,), the other is the quasiparticle contributioﬁ (01,)-
The sign of o, is the same as that of the normal state and is linearly proportional to
the magnetic induction B, whereas axy arises from the electron-hole asymmetry [15] and
is dependent on details of the densmy of states (14,15]. It is believed that the vortex
contribution o7, is responsible for the observed sign reversal in the Hall conductivity of
various type-II superconductors. Assuming the BCS Hamiltonian, van Otterlo et al. [11]
have shown that o2, may be interpretted as the vortex charging effect that arises from the
difference in the carrier density within the vortex core and that far outside of the vortex
core, and this difference yields a sign change in the vortex-state Hall conductivity relative
to that of the normal-state Hall conductivity if &(ln T,)/dul=g, < 0 [13], where y is the

chemical potential and Ep the Fermi energy. Hence, a phenomenological description for

the vortex-state Hall conductivity is given by the following expression (in SI units) [10]:

ne (woT)? én ne (wer)? '
Opy = 0O° 9 = — s e e ——e 1
Ty = O0zy + 03y { B [gl + (wor)? " +(1-9) B1 i (wcT)2 (1)
where o7, is the vortex contribution consisting of effects of the bound-state quasiparticles
within the vortex cores and the vortex charging effect, and o, is the contribution from all

other quasiparticles. Here n denotes the total carrier density, n(= no—ne) is the difference

between the carrier density within the vortex core (ng) and that far outside the vortex core
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(ne), and én satisfies the conditions dn € n(x no ® ne), dn — constant for T' — 0 and
dn — 0 for T — T ; hwo = AL/EF is the energy level of the vortex bound state for an
s-wave superconductér with a finite energy gap Q¢ [19}; we = (eB/m*) is the cyclotron
frequency of normal carriers; g is a function dependent on the ratio of [Ag/(kBT)] = =z,
which satisfies the conditions g(z > 1) — 1 and g(z — 0) = z [10]. In the event that
én > 0, sign reversal in o, can take place as the temperature is varied [10,11]. We note
that except for the term associated with the non-uniform spatial distribution of the carriers,
\(Jn /n), the FGLV model in Eq.(1) is essentially based on the Drude approximation, which
assumes one characteristic time T for both quasiﬁarticles outside the vortex cores and
bound-state quasiparticles inside the vortex cores. It is implicitly understood that 7 is
a strong function of the temperafure, and that the temperature‘ dependence of 7 in the
superconducting state is expected to be different from that in the normal state. We also
note that the FGLV formalism is only applicable to isotropic superconductors. However,
Eq.(1) can be easily gef;eraf’lized for anisotropic superconductors [12] by performing the
anisotropic-to-isotropic scaling transformation [6,20].

When examining the term [—(ne/B)(én/n)] = do;y in Eq.(1) more closely, we remark
that this contribution due to the vortex charging effect implicitly assumes a very long
relaxation time 7o, associated with dn, such that w.7eo > 1 for finite magnetic fields in
the superconducting state. This assumption implies that the charge imbalance associated
with the presence of vortices is long lived relative to all other relevant time scales in the
vortex state, so that its contribution to the Hall conductivity is analogous to that of the

free electron gas. Hence, we may rewrite §o .y in terms of the following approximation:

(—=6n)e®Too  WeToo dn\ oo wird
60zy = m* 1+w2r2  \ n ) wr 1+ wire
c'oo ¢ € o
)
o (__'z> ne if wereo > 1for T < Te;
n /) B
~ 0, if B— 0and weTeo < 1,

where oo = (ne?r/m*) is the normal state dc conductivity in the Drude approximation.
The above clarification is useful for us to generalize the FGLV model from dc to finite

frequencies, as discussed below.



B. Complex Hall conductivity

Before extending the FGLV formula to finite frequencies in the Drude approximation,
we first review the equation of motion for a charge carrier in the normal state for magnetic

field (5) parallel to the Z-axis:
@ _ 1z, P 5| _P
dt“e[E-Fm)< ]—; @),

where p'= p:& + pyJ denotes the momentum of carriers, E=E,3 + E,§ is the electric field,
~ and 7 is the tranport relaxation time. Assuming linear response so that dp/dt = —iwp,
where w is the angular frequency of the applied ac currents, the normal state complex

longitudinal and Hall conductivities may be easily derived from the equatioh of motion.

We find that

o = (1 - iwt)oyg
LT T 14 (w2 - w?)r?] - 12w
n “__ WeT n
Tey = (1 - z'wr)am’
(wcT')O'o

3)

¥ (W2 — w?)7?] — 2wr’

For the superconducting state, we assume the flux-flow limit where the effects of pin-
ning can be neglected. We argue that this assumption is justified in the derivation of the
vortex-state Hall conductivity, because it has been verified both experimentally [8,12] and
theoretically [4] that pinning effects on vortices do not influence the vortex-state Hall con-
ductivity. Taking the linear response limit and assuming two contributions o}, and o,
as in Eq.(1), and noting that the characteristic frequency wo of the bound-state quasi-
particles is associated with an effective magnetic field H.; rather than B, (such that

wo = AZ/(REr) ~ eHg/m*), the complex longitudinal and Hall conductivities may be

derived from the equation of motion. We obtain:

i

v q
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0zy =0p, + 08, o (4b)
ne

= ne { g(wir?) _ (Jn/n)(wgrozo) (1 — g)w?r?
- B [1 + (wg - wz)-r'?] —12wT [1 + (wg - wZ)Tgo] — 12 Tog [1 T (wg — wz)*r?] — i2w‘r} .

We note that both o;; and o, have been given for the sake of consistency, although
we are primarily iﬁterested in the complex Hall conductivity rather than the longitudinal
conductivity, and that only o;, is independent of pinning defects in the superconductor.
Furthermore, in Eq.(4a) we have assumed o2, x g(He2/B)og ~ g(wo/we)oo, to ensure that
the longitudinal conductivity is consisten}t;w‘ith the flux-flow conductivity. We also note
that in the dc limit (w — 0) and for.w,;r°° > 1; oy recovers the expression in Eq.(1).
To verify the validity of our approach, it is interesting to compare 0, (= oz, — io],

in the zero-magnetic field with that in the vortex state.‘ That is, the quantity g(H../B)
in the flux-flow limit m'a.yfl’ae replaced by the superfluid fraction (n,/n) for B — 0, such
that in the low temperature and h}‘gh-frequency limit where ¢ = 1 and w7 > woT > 1, we

obtain

2
n,e - n

Oz & im‘w = —i0,,, (5)

consistent with Mattis-Bardeen theory [21]. On the other hand, for T > T, and B = 0,
the superfluid fraction vanishes, and Eq.(4a) recovers the Drude conductivity for normal
metals, 0;,(w) = 00/(1 — iwT). Recasting o, into complex resistivity py; and taking

po = (1/09), we obtain

p.,rz:(w) _ (0‘;1,/0'0) N
po  (04z/00)% + (0l /00)2 0, (T < T.)
~ 1 (T > Te)
" (i
Pz;(()w) = @ /00()31_:/(‘::,) Toy ~ wT, (forbothT « T, and T > T.). (6)
rx rr

We shall show in the next section that the above approach is indeed in good agreement with
our experimental observation at radio frequencies, and in the high-frequency limit is also

consistent with the experimental data talken with the coherent time-domain spectroscopy

(7).



Next, we consider the complex Hall conductivity o, under our experimental condition.
Using m* = 4m, [13,22] and 7 ~ 10713 s near T, [12,23,24], we find that w.r ~ 5 x 1073B
for B(= H) measured in Tesla, and wr « w,T,wpT is satisfied for the range of frequency
and magnetic field of our experiments. In this limit, the real and imaginary parts of oz,

become:

' 2.2 w22
' . ne wgT on _\nefl wer
) o - (2)] + a-0F [F20m]

1+ wir? | 1+ wir?
2,2 2.2
M) e (—2wr) Rl wa™ _(Bnfn) o weTt
Tzy(w) & ( “WT)B {g(l-{-wgﬂ)? wgrroo+(l g)(l +w2rz)? |’ (7)

Therefore o7, is nearly frequency independent for all temperatures if w <« (w¢,wo), and is
consistent with the dc Hall conductivity expression in Eq.(1). On the other hand, in the ‘~
same frequency range, the relation |07,| & w holds for all temperatures. We shall show

later that the frequency dependence of both o7, and o7

zy 0 Eq.(7) is indeed consistent

with our experimental resufts. Furthermore, we shall verify the validity of Eq.(4b) in the
high-frequency limit by comparing Eq.(4b) with the data taken with the coherent time

domain spectroscopy [7].

ITI. Experimental

There have been limited direct ac transport measurements of superconductors in the
radio frequency (rf) range, largely due to 'difﬁculties in resolving small impedance of the
superconductor from a large background of parasitic impedances and noises that are .asso-
ciated with the electronic instruments and cables. Recently, several direct ac longitudinal
impedance measurements of high-temperature superconductors have been reported in the
literature [25-29], and these experiments focused on critical scaling analysis of the vortex
phase transitions associated with different types of controlled disorder. To the best of our
knowledge, there has not been any report of direct transport measurements of the complex
Hall conductivity at rf frequencies, possibly because the Hall angle in high-temperature

superconductors is small, so that the signals of Hall impedance are orders of magnitude
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smaller than those of the longitudinal impedance, making the signal of the Hall impedance
very difficult to resolye. In this work, we extend our previous ac measurement techniques
for the longitudinal conductivity [25-30] to the Hall effect studies [31].

In a superconductor with uniaxial symmetry along the #-axis, the Hall conductivity
for magnetic field parallel to Z is determined by the longitudinal and Hall resistivities, prr

and py, according to the following formula:

Pz

Tev TR, +ypiy’ ®
where p,y(ﬁ ) = —py,(ﬁ ) is satisfied through the >Onsager relations [32], and pzz = pyy
as measured after the van der Pauw corrections [33]. Hence, both the complex p;r and
_ Ppzy must be determined in order to obtain the complex Hall cor;ductivity. In this work,
we restrict our measurements to temperatures where both pzz and pg, are independent
of the applied currents,”beca;use the van der Pauw corrections are only valid in the linear
response limit [33], and be'éause large errors in the low temperature o,, data are likely
to occur due to the rapidly vanishing p,, and p., [12]. We describe in the following our
experimental approaches for obtaining the complex components of p;; and pzy. We note
that pyr and p;y respond differently to the reversal of magnetic field, so that different
calibration procedures are employed to obtain these components.

;'I‘o obtain the ac resistivity p,,, we use similar experimental set up and calibration
procedure developed previously [25-30], with minor modifications in the electronic compo-
nents [31] to improve the signal-to-noise ratio and to extend the measurement frequency
range from previous 100 Hz ~ 2 MHz to 100 Hz ~ 7 MHz. The ac impedance is mea-
sured using the four-point technique, and the signal is first amplified with a low-noise, 42
dB-gain pre-amplifier, and then measured using an HP 4194A Impedance/Gain-Phase An-
alyzer. The ac current is supplied by an ac voltage from the HP 4194A Analyzer through
a non-inductive load resistor Ry = 1 k{2, and the condition Ry > Z, (Z, being the sample
impedance) is satisfied for the entire experimental frequency range, to ensure a constant

amplitude for the applied current. All measurements are performed in the linear response

region, so that there is no variation of the impedance signal as a function of the applied
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current. More details of the experimental set up are given in Refs. [30,31].
To deconvolve the sample impedance Z, from the measured signal Zmeqs Over a broad
frequency range, careful calibrations must be made in order to remove the background

distortion. The measured impedance Z,,.,, may be expressed in terms of a general form:
Zmeas = (Zs + Zback)G(f)ew(f)a

where G(f) is the amplitude of the total gain, and 8(f) is the phase shift due to uncom-
pensated cable length and phase distortion of the pre-amplifier, which is only dependent

on the experimental setup rather than the sample, and Zpsck is the complex background

. impedance. For the frequency range of our experiment, it is reasonable to assume that the

sample impedance at T > T, is completely resistive, and that Z, =~ R, >> Zpack, where R,

is the normal state resistance of the sample. Hence,

»
-
K

Zmead(T > To) & R.G(F)e?D,

Knowing R, from the dc transport measurements, both G(f) and 6(f) can be determined
by measuring the phase and amplitude of Z,,¢.5s(T > T¢) [30]. We note that both G(f)
and 0(f) are independent of either the temperature or the sample, because the total gain
G(f) is primarily determined by the gain of the pre-amplifier as well as contributions from
the end-to-end losses of the measurement system and impedance mismatch, and the phase
8(f) is also associated with the phase distortion of the experimental setup, as mentioned
earlier.

Similarly, it is reasonable to assume that Zj,.x is independent of the temperature of
the sample, because Zjqqr includes parasitic capacitance and inductance of tﬁe measure-
ment system, which is not a sensitive function of the sample temperature. Therefore, by
measuring a short in the place of a superconductor, we have Zypeqs = Zpe ok G(f )eia(f ), and
Zpack can be determined by using the calibrated G(f) and (f). Thus, the longitudinal
impedance, Z,, and therefore the longitudinal complex conductivity o, (f) for frequencies

from 100 to 107 Hz can be obtained from the above calibration procedure.
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In the case of Hall conductivity measurements, the calibration for the Hall impedance
is more staightforward than that for the ac longitudinal impedance, because most parasitic
background signals are invariant under the reversal of the applied magnetic field. Assuming

that the net Hall signal is Z, y.11, we may express the measured signal Zmeqs, Haul as follows:

chaa,Hall = (Za,Hall + Zback,Hau)G(f)eio(f),

where Zygck, Hali is a complex background signal, which includes not only the parasitic
impedances of the experimental set up, but also contributions from the longitudinal impedance
due to possible misalignment of the electrical contacts. In general, Zback,Hall 1s invariant
under the reveral of the applied magnetic field. Therefore, we may remove Zyack,Hall by

performing measurements under both +H and —H, and obtain -

Zmeas,Hall,corr = [Zmeas,HalI(H) - Zmeaa,Hall_(—H)]/z = Za,HallG(f)eia(f).

Knowing G(f) and (f) from the calibration procedure for the longitudinal impedance, we
obtain Z, . as a funégiotr‘of T, H and f.

The above calibration procedure has been applied to measurements of an expitaxial
YBayCu3O7_s thin film on LaAlQO; (100) substrate. The standard procedure for preparing
these YBay CuzO7-;5 epitaxial films is as follows: The films were fabricated using the pulsed
laser deposition technique under 400 mTorr oxygen vapor pressure, with the substrate
temperature during the deposition at 800°C. After deposition, samples were slow-cooled
to room temperature in 500 Torr of oxygen. More information about the fabrication and
characterization of these YBa;Cu3O7_s epitaxial films are detailed in Ref. [34]. In this
work, the frequency range of the ac longitudinal and Hall impedance measurements was
from 102 Hz to 7 x 10 Hz, the temperatﬁre range from T = 80.0 K to 100.0 K, and
all measurements were performed at constant magnetic fields of H = 0, 1, 2, 3, 4, and
5 Tesla, oriented along the sample c-axis. The applied current was always perpendicular
to the magnetic field. The superconducting transition temperature T, determined from dc
resistive measurement for these films was typically between 87.5 to 89.5 K. In the following,
results on a representative epitaxial film are shown, with T, =~ 88.2 K, a transition width

AT, =~ 0.6 K, and a normal state resistivity py; = 100 4 cm just above T..
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IV. Results and Analysis

Following the calibration procedures outlined above, we obtain the frequency depen-
dence of the real and imaginary parts of the longitﬁdinal and Hall resistivity at various
temperatures and fields, as exemplified in Figs.1(a)—(b) for p,, and p¥, and in Figs.2(a)-
(b) for p;, and pgy, with an applied field H = 2 T. Using Eq.(8), the corresponding Hall
conductivity can be converted from the measured p;, and p;y, and the representative re-
sults for H = 2 T are shown in Figs.3(a)—(b) for o7, and o7, versus f at various T. We note
that the same frequency dependence is observed for all isotherms taken at other magnetic
fields, as illustrated in Figs.4(a)—(b) for o,-vs.-f and o7,-vs.-f data taken at T = 86.0
Kand H =1, 2, 3, 4, and 5 T. For the magnetic field dependence of g;, and o7, a
representative set of data for f = 1 MHz is shown in Figs.5(a)~(b).

To verify the correctness of our experimental results, we first examine the zero-field
longitudinal resistivity data, and ﬁl"ld that the temperature and frequency dependence of the
complex resistivity is consistent with the Drude model, with p’,, ~ constant and pJ, «x w,
as discussed in Section II-B. Furthermore, in the low frequency limit and under finite
magnetic fields, the real part of the complex Hall resistivity, p;y, recovers results obtained
from the dc measurements, showing anomalous sign reversal for both p7, —vs. — T and
Pry-vs.-B in the vortex state [12]. In addition, the frequency dependence of both the real
and imaginary parts of the complex Hall conductivity follows the prediction of Eq.(7), with
lozy| ~ constant and |07, | x w. '

Regarding the magnetic field dependence of o, in the vortex state, we note that
previous coherence time-domain spectroscopy studies of the vortex-state complex Hall con-
ductivity at high frequencies (from 100 GHz to 800 GHz) have attributed the vortex-state
Hall effect solely to the non-localized quasiparticle contribution {7]. As stated in Section
II, this assumption would imply (o},/00) = w.r « B and (0z,/00) = 2wwr? x B for
w > we, which is different from the observed magnetic field dependence of our o4y data

for frequencies up to 10” Hz. On the other hand, if we take into account the vortex contri-

bution in the Hall conductivity, in the sign reversal regime where w.r <« 1, woT < 1, and
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g — 0, we find

7y G (o) = (2 + (1= s)wery’]
.o [ (5n) N (enzfr) J =[-% 48],

Jn/n)

q ~ (- Qwr

e Joudr? +(1- gt
)2 2
~ (2T %{ 62321')7'00] + (ing‘:) }

[ 55 ng] | (9)
where ¢;, c2, d1 and d; are positive coéﬁicients'. Fitting the o} ,-vs.-B data for (T'/T¢) ~ 0.97
. in Fig.5(a) using Eq.(9), we obtain ¢z = ne3r%/(m* ) = 11404+ 50 Q" 'm~!T"!, where m*
is the effective mass of the carriers. Using 7 ~ 0.3 x 10-13 s determined from the de
Hall conductivity measurements at (T'/T.) ~ 0.97 [12], we have the total carrier density
n = 2.5 x 102°(m* /m,)? cm#‘3. For (m*/m.) ~ 4 in the case of YBayCusO7_5 [13,22], we
obtain n =~ 4 x 102 cm 3, which is a reasonable value for YBa;Cu3O7. Furthermore, using
the fitting parameter ¢; = (ne)(én/n) = (1.4 £0.1) x 10* Q= 'm™!T for (T/Te) ~ 0.97,
we obtain (dn/n) ~ 2 x 103, which is of the same order of magnitude as the theoretical
estimate of (6n/n) ~ [Ao(T)/EF]* [10], assuming Ao(T) = Ao[l - (T/TH)/? [10,12],
and Ap ~ 19meV is the average superconducting gap of YBa;CuzO7—s [35]. On the
other hand, we note that similar fitting to the imaginary part of the Hall conductivity o7,
yields |07, /o2, | ~ (d2/c2) ~ 102, which is much larger than the theoretical prediction of

lozy/oyl ~ (‘7w7' ~ 1078 for f = 1 MHz. This discrepancy may be due to the incorrect

assumption of s-wave pairing symmetry in YBaCu3zO7_s, as discussed in the next section.

V. Discussion

We have shown in the previous section that the magnetic field dependence of our experi-
mental data manifest both contributions from quasiparticles and vortices to the vortex-state

Hall conductivity. In addition, the temperature and frequency dependence of the complex
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Hall conductivity is found to be consistent with our generalized FGLV model. Quantita-
tively, we also note that the real part of the Hall conductivity, o7, is in good agreement

with the dc Hall conductivity data at radio frequencies. On the other hand, the magnitude

"
xy?

of the imaginary part of the Hall conductivity, ¢ , is found to be much larger than the

prediction based on the simple approximation outlined above.

One plausible explanation for this discrepancy is that the FGLV model does not con-
sider the relevance of d-wave pairing symmetry in hole-type high-temperature supercon-
ductors, and therefore cannot account for the electronic structures correctly in the o3,
term. More specifically, it has been shown th;mt for an infinite size sample, a pure d;z_y2
pairing symmetry prohibits any true bound state for quasiparticles around a vortex [16],
in sharp contrast to a large number of bound states in conventional s-wave superconduc-
tors [14,15,19]. Consequently, the semi-classical approximation in Eq.(4b), which assumes’
an isotropic gap A¢ <« Er [19], must be modified in the case of pure d-wave pairing
symmetry. On the other ha;d, we 1?0té that a small out-of-phase mixed symmetry (such
as dzy or s) relative to the predominant d,2_,2 symmetry is ei(pected in YBa;Cu30O7_5
due to its orthorhombicity [35], and the existence of either (d 2_,2 + idzy) [16,36,37) or
(dz2_y2 + i) mixed symmetries has several important implications on the Hall conduc-
tivity. First, a finite number of bound states with lafge energy spacing becomes available
if mixed symmetries exist [16,38,39], so that the semi-classical approxirnation undertaken
in Eq.(4b) remains valid. Second, the superconducting energy gap Ao has to be replaced
by Ay, where the wave-vector dependent energy gap is given by A = Agcos28x + 1A,
for the (d;2_,2 + 1s) pairing symmetry, with Ag 3> A,, and 6 is the angle of the wave-
vector relative to the antinode of the d;2_,2 gap. Third, the characteristic frequency wo in
Eq.(4b) must be rewritten to incorporate the complex gap function and its spatial varia-
tion. Assuming that Eq.(4b) may be modified by replacing wo with a complex characteristic
frequency that reflects the mixed pairing symmetries in YBa;Cu3O7_s, an increase in |07,
may be expected without incurring noticeable decrease in logy| if log, | < |oz,|. However,

rigorous theory which explicitly includes the correct pairing symmetry in the vortex-state

14



Hall conduction will be needed to quantitatively account for our experimental observation.

Another interesting aspect is”the correlation of the sign of o;, with the doping level
and the pairing syxﬁmetry. As stated in the intrdduction, the occurrence of sign reversal
in the vortex-state o, is associated with the condition dn(= no — ne) > 0 in type-II
supercondictors, and én is related to the quasiparticle bound states within the vortex
core. We have notéd that the orthorhombic structure of YBa;Cu3O7_s is likely to yield
mixed pairing symmetries, and therefore can allow quasiparticle bound states in the vor-
tex core, as m_anifeéted by the scanning tunneling spectroscopy studies of the vortex core
 states in YBa;Cu3O7_5 [38]. Thus, the magnitude of én is expected to be finite, and

sign reversal may occur in the vorteﬁ-state Oy if én > 0, according to Eq.(1). Similarly, -
- the electron-type superconducting cuprate Ndl_gsceg_ISCqO4 is known to be of the s-wave
pairing symmetry [40]. Hence, quasiparticle bound states exist within the vortex core, and
én is finite. The observed si;n reversal in the vortex-state Hall conductivity [9] therefore
suggests that én > 0. On the othé} hand, for pure tetragonal lattice structure of other
hole-type superconducting cuprates, it is known that the pairing symmetry is d;2_,2, and
that no quasiparticle bound states may exist within the vortex core, as manifested in the
scanning tunneling spectroscopy data by Renner et al. [41] on both the underdoped and
overdoped BizSroCaCus0g4s. If one naively associates the absence of quasiparticle bound
states with the absence of vortex charging effect, i.e., én = 0, one would conclude that
sign reversal could not occur in the vortex state Hall conductivity for either underdoped or
overdoped Bi;SroCaCuy0g45. However, the observation of sign reversal in the underdoped
Bi;SroCaCus 0346 [13] suggests that the vortex charging effect is not trivially associated
with the existence of quasiparticle bound states in the vortex core, More experimental
and theoretical work is clearly needed to consistently correlate the doping level and pairing

symmetry with the vortex charging effect.

Finally, we compare our rf results with the higher frequency Hall conductivity data re-
ported previously [7]. We note that previous high frequency measurements were performed

in one magnetic field, 6 T, and were analyzed in terms of a simple two-fluid model without
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including the vortex contribution. As detailed in previous sections of this article, the vortex
contribution can be best manifested by studying the magnetic field dependence of the Hall
conductivity, particularly in the low-field limit. That is, |o%,| « B~' while ¢f, « B, so
that the magnitude of o3, diverges in the low field limit [2] and has an opposite sign to oiy
in the vortex state. Hence, the vortex contribution to o, cannot be manifested by simply
considering the temperature and frequency dependence of o;y. For the sake of complete-
ness, we examine in the following whether our generalized FGLV model in Eq.(4b) may
be consistent with the temperature and frequency dependence of the high-frequency data
reported in Ref.[7]. Using the parametef‘s given in Ref. [7], where 7 varies from ~ 107135
near T, to ~ 10725 at T <« T, and w, = (40 GHz), we find (w.r)? <~ (wor)? <1 for the
frequency range of 100 GHz to 800 GHz, and (wt) ~ 1, varying. from greater to smaller than
1 with increasing temperature. We may furthex; neglect the term associated with (dn/n) in
Eq.(4b) at high frequegcies, because it is insignificant relative to other terms except near
T.. Hence, Eq.(4b) is reduced ;nto the following simple expression:

ne [ g(wor)? (1 - g)(w.T)? ] . (10)

G- (1 -—w?r?) +wir? —i2wr (1 ~w?7?) + w272 —12wr

~ Thus, for a given frequency, the magnitude of both o7, and o7, reaches a maximum if wr ~
1. Since 7(T) decreases with increasing temperature and 7(Tpx) ~ w™!, the temperature
T, at which |ozy| reaches maximum is expected to increase with increasing frequency
according to Eq.(10). Furthermore, .Eq.( 10) predicts that the magnitude of oy, become
comparable to that of o, under the experimental conditions given in Ref. {7], consisten
with the experimental data [7]. We therefore conclude that the complex vortex-state Ha

conductivity given in Eq.(4b) contains most of the essential components, although fu

account for the quantitative details still awaits complete theoretical studies.

VI. Summary

In summary, we have investigated the complex Hall conductivity of YBapCu3O7 €

taxial films at frequencies from 100 Hz to 7 MHz using a direct transport measurem

16



technique. An expression for the complex Hall conductivity in the flux-flow limit has been
derived by generalizing the FGLV model for dc vortex-state Hall conductivity. We find that
the qualitative behavior of the complex Hall conductivity data, including the dependence
on temperature, frequency and magnetic field, can be described consistently with this gen-
eralized model. Furthermore, quantitatively the real part of the complex Hall conductivity
recovers the dc Hall conductivity in the low frequency limit, and the carrier density n and
the magnitude of the vortex charging effect (én/n), derived from fitting o, data with our
model, are found to be consistent with the known properties of YBagCu3O7. In addition,
in the high-frequency limit, our phenomenological model can also account for the temper-
ature and frequency dependence of the coherent time-domain spectroscopy data taken at
100 GHz to 800 GHz. On the other hand, the magnitude of the imaginary part of the
Hall conductivity (a7, ) ét rf frequencies appears to be significantly larger than the predic-
tion of our model. This discrepancy may be attributed to the unconventional electronic
structures within the vortex core of cuprate superconductors with d-wave or mixed pair-
ing symmetries. Further theoretical investigation which explicitly incorporates the correct
pairing symmetry will be necessary to fully account for all aspects of the vortex-state Hall

.conductivity.
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Fig.1 Frequency-dependent isbtherms of the complek longitudinal resistivity of a represen-
tative YBa;Cu3O7 epitaxial film for H = 2 Tesla and H || & (a) p,-vs.-f; (b) pgx-vs.-f.
We note that each isotherm constitutes 400 data points, and that the shaded data of the
isotherm at 100 K in (b) indicates the region where validity of data is questionable due to

signal overloading the pre-amplifier in the normal state [31].

Fig.2 Frequency-dependent isotherms of the complex Hall resistivity of a representative

YBa;Cu30- epitaxial film for H = 2 Tesla and H || & (a) PuyVs--fi (b) p7,-vs.-f.

Fig.3 Frequehcy-dependent isotherms of the complex Hall conductivity derived from the
results shown in Figs.1 and 2: (a) o%,-vs.-f; (b) ozy-vs.-f. (Note: the 88 K and 89 K data .

"

. are plotted as —oy,.

Fig.4 Frequency-dependent complex Hall conductivity at various constant magnetic fields

and for T = 86.0K. (a) o'fy-vs.- fi (b) o7,-vs.-f. (Note: 4 Tesla and 5 Tesla data are

"

plotted as —o7,.

Fig.5 Magnetic field dependence of the complex Hall conductivity at T =86.0 K and f =1
MHz. (a) 0;,-vs.-B: The solid line represents a theoretical fit with o7, = —(¢1/B) + c2 B,
where ¢; = 1.43 x 10*CT/m® = 1.43 x 10* 27 'm™!T, and ¢; = 1.14 x 10* Q7 'm~I1T~1
(b) o7,-vs.-B: The solid line represents a theoretical fit with o, = (d1/B®) — d2 B, where
dy =4.09 x 102 Q7 'm™!T?, and d; = 2.49 Q" 'm~!1T"1.
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